ABSTRACT The kinetic effects resulting from changes in the medium ionic strength on reactions involving trypsin or a-chymotrypsin are different. The reaction rate increases continuously as the ionic strength increases with ot-chymotrypsin. With trypsin, the rate increases at low ionic strengths but as the ionic strength further increases a gradual inhibitory effect is observed. The effects produced by different salts of various valence types (from uni-univalent to unitrivalent or tri-univalent) are essentially the same, and they are a function of the square root of the ionic strength. The quantitative differences among the various salts may be accounted for on the basis of individual properties of the ions, such as the size of the hydrated ion, "association," etc. The effects of salts on the enzymic reactions described herein are amenable to the same electrostatic treatment applicable to non-enzymatic reactions. By applying Br6nstecl's basic kinetic concepts and the Debye-Hfickel law of electrolyte activity, it appears that the salt effects are mainly due to changes in the dissociation of ionizable groups. This appears to be a general method for analyzing the effect of inorganic ions on enzymic reactions.
on ATEE, 1 even after partial inactivation by DFP. Gorini in 1951 (13) reported that the stability of trypsin as well as its activity on serum albumin increased in the presence of low concentrations of calcium chloride. In agreement with these results, Bier and Nord (3) demonstrated that calcium ions shift the equilibrium between native and denatured trypsin in favor of the former. Green et al. (14) found that the rate of hydrolysis of BAEE by trypsin increased to approximately the same extent through addition of any of the following divalent cations: calcium, manganese, cobalt, magnesium, or barium. Additionally, calcium exerted a significant activating effect on the rate of hydrolysis of ATEE by chymotrypsin.
In studies concerning the effect of competitive inhibitors on a-chymotrypsin, Shine and Niemann (25) and Bernhard and Niemann (2) observed that there is a positive salt effect in the reactions of this enzyme with chloroacetyl-L-tyrosinamide and acetyl-L-tryptophanamide; and that the dissociation constants of enzyme inhibitors of several anionic competitive inhibitors decrease by addition of salts. More recently, Wu and Laskowski (28) showed that calcium chloride enhances the activities of a-and ~-chymotrypsins on PEE, hemoglobin, and casein. Further studies by Martin and Niemann (20) on the a-chymotrypsin-catalyzed hydrolysis of M H and AVEE at p H 7.9 showed that the addition of salt leads to the formation of a more active enzyme. Similar but not identical results were obtained with sodium, potassium, lithium and magnesium chloride, and with sodium bromide. Recently Hofstee (16) observed that salts prevent inhibition of a-chymotrypsin by serum albumin and other proteins. The present paper is a report of the effects of uniunivalent, all-univalent, tri-univalent, uni-divalent, and uni-trivalent salts on the activities of trypsin and a-chymotrypsin. It is the primary purpose of this paper to give a basic interpretation of these effects which should apply to all enzymes with ionizable groups in their active centers, like trypsin and achymotrypsin.
M A T E R I A L A N D M E T H O D S
Trypsin and o~-chymotrypsin were crystallized, salt-free preparations purchased from Nutritional Biochemical Corporation. T h e substrates were obtained as hydrochlorides from M a n n Research Laboratories. T h e salts used were of the best grade commeri Throughout this paper the following abbreviations will be used: DFP, diisopropyl fluorophosphate. PEE, L-phenylalanine ethyl ester. BAEE, benzoyl-L-arginine ethyl ester.
MH, methyl hippurate. ATEE, acetyl-L-tyrosine ethyl ester.
THAM, tris-(hydroxymethyl) amino-TEE, L-tyrosine ethyl ester, methane. AVEE, acetyl-L-valine ethyl ester.
R0 and R, rates of hydrolysis in the absence or presence of added salt respectively.
cially available, p-nitrophenol was reagent grade material from Fisher Chemical Company.
The measurements of rate were made by the usual procedure of continuous titration with sodium hydroxide solution to a null point (8) . The pH of the substrate solutions was adjustedwith sodium hydroxide. The rates were determined (mols >( 10 e substrate hydrolyzed per minute) during the first 5 min. of hydrolysis. During this time and with the substrate concentrations used the course of the reactions was practically linear in all cases.
The effect of salts on the ionization of p-nitrophenol was measured spectrophotometrically at 402 m/z and 25.0 4-0.2 ° in the presence of 0.05 M pH 7.30 THAM-HC1 buffer.
After prolonged immersion in solutions of salts of divalent or trivalent cations the electrodes of the pH meter may become contaminated yielding wrong readings. This was prevented by washing with 0.1 N hydrochloric acid after each determination involving those salts.
RESULTS AND DISCUSSION
To begin with, a comparative study was made of salt effects on the activities of trypsin and a-chymotrypsin. For this purpose, BAEE, a substrate capable of being hydrolyzed by both enzymes (7), was chosen in order to have similar conditions. Sodium chloride was added to vary the ionic strength. Fig. 1 is the plot of the logarithm of relative rate against the square root of the ionic strength (including that of the buffer and ions resulting from the neutralization of substrate). It can be observed that the rate increases with chymotrypsin as the ionic strength increases. With trypsin there is a slight increase of rate at low concentrations of sodium chloride, then as the ionic strength increases the rate is progressively lowered.
General Considerations It is well known that salts exert kinetic effects in ionic reactions which result in either increasing or decreasing the rate. An attempt was made to analyze the effects of the addition of sodium chloride on the reactions catalyzed by trypsin and a-chymotrypsin from the standpoint of the theories of electrolyte activity and velocity of ionic reactions. The fundamental kinetic concepts applied to ionic systems are due almost exclusively to Br6nsted (5) even though further revisions have been made by other authors such as Bjerrum (4), Christiansen (11), Scatchard (24) , La Mer (18, 19) , and by Stern and Amis (26) . Br6nsted (6) divided the effects of salts in ionic reactions into three classes and offered equations describing the behavior of each: (i) primary salt effect, (2) secondary salt effect, and (3) generalized acid-base catalysis. Since the primary and secondary salt effects are of major concern here, they will be discussed in some detail. in which Ca and C~ are the concentrations of reactants, k0 is a constant independent of concentration, and the factor f~ -F represents the salt effect in terms of the activity coefficients of A, B, and X, X being a critical complex whose net charge Zx = Z . "4-ZB. IXO 7 The activity coefficient of a given ion i of charge Z~ is given by the Debye and Hfickel law log/~ = 0.506 Z~V~ (2) valid for water at 25°C,/~ is the ionic strength. By combining Equations 1 and 2 the result is
Primary Salt Effect

CASTAI~EDA-AGuLL6 et al. Kinetics of Trypsin and a-Chymotrypsin
which represents the dependence of rate on ionic strength in reactions between ions. There is a positive salt effect in reactions between equally charged ions, and a negative salt effect in reactions between ions of opposite sign. According to Equation 3 ff either of the reactants is uncharged there should be no change of rate on addition of salt. However, in a more recent work, Amis and Jaffd (1) showed that there is a primary salt effect in reactions between ions and dipolar molecules which is different from that for an ion-ion system. The authors derived an equation which expresses the dependence of the rate constant k on the ionic strength and dielectric constant. As defined by Amis and Jaffd, the rate is proportional to the ionic strength rather than to its square root. For positive ionic reactants, k increases as the ionic strength increases while for negative ionic reactants k decreases as the ionic strength increases. The increase or decrease of rate in either case is not constant but progressively diminishes as the electrolyte concentration increases.
Secondary Salt Effect This is not a true kinetic effect and is caused by a shift in the degree of dissociation of a weak electrolyte furnishing one of the reactant ionic species. This shift in equilibrium is also produced by electrostatic interactions. An example of this effect is the inversion of sucrose by acetic acid (HAc) first observed by Arrhenius and described further by Br6nsted (6) and La Mer (18) .
If an inert foreign salt such as potassium chloride is added to the reaction mixture, in addition to the primary kinetic effect of about 4 per cent as found for hydrochloric acid, there is an additional effect due to the displacement of the equilibrium between H + and Ac-and undissociated HAc.
Since at equilibrium
and
when the ionic strength increases from nearly zero to 0.1/z, the activity coefficients of the acetate and hydronium ion fall from about unity to about 0.7, while fHA. remains practically equal to unity. The decrease in fxo-is balanced by the increase in CAO-, so that the only factor of importance is 1/fH3o+ = 1/0.7 = 1.43. Thus, a 43 per cent increase in the rate of inversion is predicted by the limiting conditions due to a 43 per cent increase in CH~o+. This is in good agreement with experiments. According to Br6nsted, for a general case of a weak acid of the electrolyte type (Z -F 1)
Acid Cz+~ ~ Base z -t-H + (6) the limiting law of Debye and Hfickel gives for the effect of electrolytes on the dissociation constant log Kc = log K, -Z B @ (7) the sign of ZB determines the sign of the salt effect. Three cases are possible: 1. ZB is negative as in the case of acetic acid. Salt addition gives rise to an increased degree of dissociation and increased reaction rate.
2. The base is an uncharged molecule. There is no effect at moderately low concentrations of salt.
3. ZB is positive. Decreased degree of ionization and reaction rate.
Working Hypothesis Previous observations on the effect of dielectric constant indicated that at pH 7.5 trypsin is positively charged (8) and ~-chymotrypsin is negative (9) . The hydrolysis of ester substrates catalyzed by these enzymes behaves, as far as the dielectric effect is concerned, as a reaction between an ion (enzyme) and a dipole (esteric bond). The free amino groups in some of the substrates seem not to be involved in the dielectric effects since these are the same in the hydrolysis of ATEE and TEE by a-chymotrypsin (10) . If it is assumed that salts exert their effects on enzymatic reactions through the same electrostatic mechanism involved in non-enzymatic reactions, the possibilities should be considered of a primary effect on the reaction and secondary effects on the ionizable groups of the enzyme and substrate. Since the charge in the substrate BAEE (and in PEE which was used in further experiments) resides in an amino group, the secondary effect on this will be negligible (Z~ = 0 in Equation 7). Taking into account the charge signs of trypsin and a-chymotrypsin above postulated, the primary and secondary salt effects on ester hydrolysis would be: Qualitatively the primary effect will be the same whether the substrate is considered positively charged (reaction between ions, Equation 3), or as a dipole (Amis-Jaff~ theory). From comparison of the results given in Fig. 1 with the theoretical effects expressed in the preceding table, it appears that in the case of a-chymotrypsin the predominant effect is the secondary one. This is usually the case when secondary salt effect is operating in a reaction, as was illustrated before with the example of sucrose inversion by a weak acid. It might be presumed that a similar mechanism is involved in the trypsin reaction. The subsequent experiments were planned from the standpoint of the working hypothesis that salt effects on enzymatic reactions are mainly due to changes in the degree of dissociation of ionizable groups in the enzyme.
Comparative Effect of Cations
As a result of the previous analysis the question arose whether the effects observed with sodium chloride are or are not common to other inert salts. To elucidate the influence of cations, a comparative study was made of seven salts of monovalent, divalent, and trivalent cations with the same anion chloride. Fig. 2 represents the effect of these salts on the rate of the a-chymotrypsin-eatalyzed hydrolysis of PEE at pH 7.5. In this case no buffer was added to the system, the initial ionic strength is that of the ions resulting from substrate neutralization. At concentrations of added salt corresponding to increases of 0.15 W/-fi or less no difference could be noted among the effects of sodium, potassium, or lithium chloride. Within this range of ~/~ there is a linear relationship log of rate vs. ~ with a slope which approximately equals 2.
If, as postulated, the increased rate is caused by a secondary salt effect, the magnitude of the activation would be given by the Debye and Hfickel law (Equation 2). If only the secondary effect operated, the slope of the line log rate vs. ~ would equal 0.506 Z~. Presumably the observed effect is the algebraic sum of primary and secondary effects. Assuming that the former is small as compared to the latter, in the present case Z might be --2.
The linearity is no longer held with values of ~/~ greater than 0.15. Within the range of ~ from 0.15 to 1.0 the effects of sodium and potassium chloride are approximately equal but that of lithium chloride is less marked. The effect of sodium chloride on PEE hydrolysis (in the absence of added buffer) is altogether similar to that observed in BAEE hydrolysis by a-chymotrypsin (in 0.005 M phosphate buffer) (Fig. 1) . The effects of calcium, barium, and magnesium chlorides are equal at very low ionic strengths, but as ~ in-
creases, even though they continue activating, the extent of the activation by each cation is not the same. Again, the effect of lanthanum chloride is the highest at very low concentrations, then within a range of p of 0.2 to 0.6, the extent of the activation is similar to that produced by sodium or potassium chloride. Finally, at values of 0.8 and 1.0 X/~ the effect of lanthanum chloride surpasses that of the other salts. Summarizing, the initial effect of the studied salts can be divided into three groups; according to the cation valence, the operating. The deviations would depend upon individual properties of ions, such as their dimensions, variations in viscosity with concentration, and especially on association phenomena occurring when the distance between two ions becomes small. On the other hand, the apparent anomaly consisting in the appearance of greater activations the greater the cation valence, has been already observed in non-enzymatic reactions. La Mer (18, 19) reports that studies made by himself and coworkers showed that the Debye-Hfickel law is not obeyed when mixtures of high valence type are involved. For instance, in kinetic studies of the reaction bromoacetate-thiosulfate, they observed that when Na + or K+ is the co-ion the Debye-Hiickel first approximation equation is obeyed, but when the co-ion is a divalent cation the law is no longer obeyed. In another example involving salt effect on the solubility of a tri-univalent cobalt amine, anomalies were observed when the valence of the anion in the solvent salt was 2 or more. In both cases the experimental limiting slopes were greater than those predicted by the Debye-H/ickel law. From the behavior of these systems, La Mer concludes that the appearance of anomalies is a general phenomenon whenever the numerical products of the charges of opposite sign (reactant and foreign) are equal to or greater than four. Even though La Met did not extend the study of these anomalies to the secondary salt effect, presumably they should occur also in this case. This assumption is based in the knowledge that both the kinetic effects (primary and secondary) and the thermodynamic effects on solubility are produced by a common mechanism: electrostatic interactions which depend on the activity coefficients of the ions.
The presence of these anomalies in the effect of cations in a reaction catalyzed by a-chymotrypsin and the experimental slope value support the idea that at least two negatively charged groups are acting in chymotrypsin at p H 7.5 and 2 5 ° . This is in agreement with previous findings of Bernhard and Niemann (2): the enzyme-inhibitor dissociation constants of t -(fl-indole)-propionate and phenyl acetate are decreased by increasing the buffer concentration or by addition of salts. The authors explained the salt effect on the basis of previous evidence indicating the existence of one or more negatively charged groups at or near the active site of a-chymotrypsin; an increase in the ionic strength of the reaction system would weaken repulsive forces between the equally charged enzyme and inhibitor. Fig. 3 shows the effects of uni-univalent and di-univalent salts on the trypsin-catalyzed hydrolysis of BAEE at pH 7.5. With all the salts except potassium chloride, two effects are visible: an initial activation at low concentrations of added salt and a slight inhibition as ionic strength further increases. According to the outline given under "Working hypothesis" in regard to the expected primary and secondary effects on trypsin, it is possible to postulate two alternative explanations for these opposed effects, (a) the primary effect on one or more positive groups predominates at low ionic strengths and as ionic strength increases the secondary salt effect becomes more important, (b) in addition to the positively charged group or groups, one negative group may exist, and the effects observed would be the algebraic sum of separate effects on the charges and dissociation equilibrium of these opposedly charged groups. Since the initial activation effects vary with the cation, while the decreasing portions of the curves show similar slopes (possible effect of chloride ion), the second explanation seems the more probable. The slope of the first portion with sodium chloride is approximately equal to 0.5 corresponding to Z = -1 in Equation 2 in the hypothetical case that this represents a purely secondary effect. O n the whole, the qualitative differences among the ions are not great and may be accounted for on the basis of particular properties of each ion. Debye and Hiickel derived an expression for the activity coefficient of an electrolyte in which allowance was made for the finite size of ions (23) showed that departures from the limiting law for the activity coefficient of a salt can be explained as an hydration effect, and proposed a modified equation in which the effective mean diameter is a function of the "hydration" number n, that is, the number of water molecules bound by an electrolyte molecule
being the number of ions into which one molecule dissociates and m the molality. Table I gives the hydration numbers taken from Robinson and Stokes (23) for the salts which are listed in the same order as their effects on trypsin (Fig. 2) . Additionally, the sizes of the hydrated cations taken from a recent review on ionic size by Stern and Amis (26) are included. It can be seen that there is a good correlation between the observed effects and either n numbers or hydrated cation sizes.
Effect ofpH There is experimental evidence that the negative charge of a-chymotrypsin disappears when the pH is lowered. In a study of the combined effects of dielectric constant and pH (10), it was observed that apparently the charge sign of this enzyme is reversed around pH 6.6. Previously, Neurath and Schwert (21) suggested that a-chymotrypsin has a negative charge at pH 7.8 and more recently Foster and Niemann (12) reached the conclusion that negative charge(s) appearing in a-chymotrypsin at pH 7.9 are largely lost at pH 6.9. For this reason it was expected that the effect of salts on the rate of the a-chymotrypsin-catalyzed PEE hydrolysis would change at lower pH values. Fig. 4 shows the effects of lithium, potassium, sodium, calcium, and lanthanum chlorides at pH 6.25. The effect of the uni-univalent salts is small and resembles somewhat that observed in trypsin at pH 7.5. Calcium chloride presents the greatest activation, which however, is greatly diminished (150 per cent activity at 1.0 @ in contrast to 257 per cent activity at 1.0 ~/~ at pH 7.5). With lanthanum chloride there is an initial inhibition which is later reversed so that at the higher ionic strengths the effect is similar to that of sodium chloride. There is a tendency for the salts to produce similar effects, but individual deviations due to charge, size, etc. are more accentuated in this case. Possibly the small dissociation of the negative group(s) makes the system more sensitive to such differences. The size of the hydrated lanthanum ion and n number for LaCla, according to Robinson and Stokes (23) , are approximately 4.90 and 18.2. Fig. 5 shows comparatively the effects of lanthanum, magnesium, and sodium chlorides at pH values 7.5 and 7.0. While the initial activation by magnesium chloride remains unchanged, the further inhibitory effect in both magnesium and potassium chloride is more marked at p H 7.0. This is consistent with an increase in positive charge in passing from pH 7.5 to pH 7.0. The same occurs with lanthanum chloride. The effect of this salt shows a peculiarity. Even though there is an initial activation similar to that produced by calcium chloride, after a maximum is reached, there is a rapid fall in the rate of hydrolysis to values slightly below that of the control. From this point, 0.2 ~/p to 1.0 ~Vp, the effect of lanthanum chloride is very similar to that produced by potassium chloride. The similarity within this ionic strength region is observable at both pH values, 7.5 and 7.0. Kinetic anomalies due to the great charge value of lanthanum have been observed by La Mer (19) in the reaction bromoacetate-thiosulfate and by Guggenheim and Wiseman (15) in the inversion of sucrose by strong acids. The latter authors report small deviations produced by multivalent cations and especially by lanthanum.
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Effect of Anions In order to ascertain the effect of anions, a series of experiments were carried out involving sodium sulfate and potassium ferricyanide, whose effects were compared with those of the respective chlorides. The inhibitory effect of these salts on BAEE hydrolysis by trypsin increases with the anion valence as can be seen in the top of Fig. 6 . This is the same type of anomaly previously discussed, which La Mer (18, 19) which is present in PEE hydrolysis by a-chymotrypsin when the cation charge is 2 or greater than 2. This observation indicates the possibility that there are at least two positive charges which play a role in the activity of trypsin. Vratsanos (27) showed that the trypsin molecule has a large number of free amino groups as compared to that of free carboxyls, and considers that at least some of them are important for the activity. In opposition to trypsin behavior, a-chymotrypsin does not appear to be influenced by the charge of the anions. Both at pH 7.5 (central graph, Fig. 6 ) and p H 6.25 (bottom graph, Fig. 6 ) the effect of chloride, sulfate, and ferricyanide is exactly the same at equal ionic strength.
Effect of Dielectric Constant Br6nsted (6) showed that the dissociation of a weak acid is more dependent upon the total salt concentration the lower the medium dielectric constant. Fig. 7 shows the activation of the system a-chymotrypsin-PEE by an increment of 0.04 /~ (sodium chloride) at dielectric con- stants: 75.5, 78.5, 84.5, and 90.5. The greatest activation was observed at the lowest dielectric constant in accordance with the expectations. There is a linear relationship between the logarithm of the relative activation and the reciprocal of dielectric constant. This observation suggests the electrostatic nature of salt effects. La Mer (19) observed that the addition of 0.001 U lanthanum chloride to the reactants bromoacetate and thiosulfate placed in a medium of low dielectric constant (D = 20) produced a tremendous increase of rate as corn- pared to that obtained in an aqueous medium. However, this effect passes through a maximum at a given concentration and decreases as the concentration is further increased. This behavior is interpreted as due to an association of lanthanum and thiosulfate ions favored by the low dielectric constant. This would diminish repulsive forces between the two negative reactants. However, at concentrations higher than the critical, lanthanum ion would offer many competitive attractive centers to both negative reactants, thus reducing the frequency of contact between them. The behavior of lanthanum chloride Effect of ionic strength on the dissociation of p-nitrophenol.
in the trypsin-catalyzed hydrolysis of BAEE resembles somewhat the effect of this salt on the bromoacetate-thiosulfate reaction referred to. From the experiments on salt and dielectric effects carried out so far, it appears that in addition to the predominant charges, one negative group is involved in the activity of trypsin. It may be presumed that the higher charge of lanthanum would favor a greater extent of association with the negative group accounting for the rapid decrease of rate observed with concentrations of lanthanum chloride slightly above 0.05 ~. If this were the case, this peculiar effect would be less marked at higher dielectric constants and vice versa. Fig. 8 represents the effect of lanthanum chloride at pH 7.5 on the trypsin-catalyzed hydrolysis of BAEE in three media of different dielectric constant: 82.5, 78.5, and 74.5. The results
